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A low velocity (0- 11m/sec), low turbulence vertical atmospheric 
wind tunnel has been designed and built by Inca Engineering Company of 
San Gabriel, California. This tunnel was assembled in the Cloud 
Physics Research Center at UMR. The tunnel is designed to aid in the 
study of phenomena associated with water drops suspended in a vertical 
air stream. 
This thesis describes the design and construction of the velocity 
control system for this tunnel. Constant speed, centrifugal fans are 
used to draw air through the tunnel. To allow these fans to operate at 
a constant efficiency, a valve system is used to provide a constant 
flow rate to the fans, while controlling the flow rate drawn through the 
tunnel. This system consists of a valve box with two inlets, one 
drawing air through the tunnel and the other drawing air from the room, 
and a sliding carriage, or pintle, with parabolic ends. The pintle is 
used to vary the areas of each inlet, but maintain a constant total 
inlet area. The valve system also includes equipment to change the 
pintle position, thus changing the areas of each inlet, and equipment 
to give an indication of the pintle position. 
Preliminary testing of the wind tunnel and velocity control 
equipment included a determination of the relationship between tunnel 
test section velocity and pintle position, a determination of velocity 
profiles in the test section, and a determination of the level of 
turbulence intensity in the test section. 
ACKNOv~EDGEMENT 
I wish to express my gratitude to Professor Robert B. Oetting 
for his continuing assistance and criticism and for serving as my 
advisor during this project and the preparation of this thesis. 
I would also like to thank Dr. James L. Kassner and Dr. S. c. 
Lee for their advice and assistance. 
In addition, I thank my fellow graduate students, Mr. Darrell 
Pepper and Mr. James Auiler for their physical assistance and 
encouragement in building the equipment and taking the data. 
iii 
TABLE OF CONTENTS 
ABSTRACT • • . • 
ACKNOWLEDGEMENT 
LIST OF FIGURES 
. . . . . . . . . . . . . 





DESCRIPTION OF PREVIOUS WORK • . • • • 
EQUIPMENT DESCRIPTION • • • • • • • • 
A. Vertical Atmospheric Wind Tunnel • 
B. Velocity Control System 
1. Concept of Operation • 
2. Equipment 
IV. INSTRUMENTATION 















A. Pintle Position-Centerline Velocity Relationship • 22 
B. Velocity Profiles 26 
C. Turbulence Intensity • 28 
VI. FUTURE PLANS • 






DESIGN DATA FOR PINTLE TAILS 
CALIBRATION OF PINTLE POSITION INDICATOR 
TABULATION OF VELOCITY-PINTLE POSITION DATA 









LIST OF FIGURES 
Figure 




Operation of the Twin Tail Pintle 
Velocity Control Equipment - Schematic 
Velocity Control Equipment 
5. Overall View of the Pintle and Pintle Drive 
Equipment ••• 





Centerline Velocity - Pintle Position Profiles 
Reference Coordinate System . 
10. Typical Velocity Profiles . 
11. 
12. 
Schematic of Air Prehandling Unit . 

















The study of the formation and growth of raindrops under laboratory 
conditions is broken into two phases: 
1. the actual formation of water droplets from water vapor or 
nucleation, 
2. the growth of these droplets to the size of raindrops. 
The nucleation process has been under extensive study using Wilson 
cloud chambers which simulate cloud-like conditions for short times by 
means of an adiabatic expansion of a saturated gas-vapor mixture. The 
cloud chamber is not suitable for the study of the growth of droplets to 
raindrop size, for the droplets, acted upon by gravity, fall to the 
bottom of the chamber. One way of solving this problem is to place a 
droplet in a stream of air moving upward at the terminal velocity of 
the droplet. By controlling the temperature and humidity of the air 
stream to simulate cloud conditions, the growth of the droplet may be 
observed as it remains stationary in the air stream. 
The apparatus required to utilize this approach would include a 
low velocity (0 to 10 meters per second), low turbulence vertical wind 
tunnel; a velocity control system for the wind tunnel and an air pre-
handling system to control the temperature and humidity of the air. The 
University of California at Los Angeles Department of 11eteorology has 
assembled such a system and has been using it since 1968. 
The Graduate Center for Cloud Physics Research at the University 
of Missouri - Rolla has purchased a vertical wind tunnel and air pre-
handling unit, designed and fabricated by Inca Engineering Company of 
San Gabriel, California, and modeled after the UCLA tunnel. Inca also 
built the UCLA tunnel. However, the velocity control system used at 
UCLA did not suit the facilities available at ill1R and it was decided 
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to build an alternate velocity control system. The work described in this 
thesis includes assembly and installation of the Inca wind tunnel, design 
and construction of the velocity control system and preliminary testing 
of the equipment. 
The UCLA vertical v;rind tunnel uses a variable area sonic nozzle 
for control of the tunnel velocity. The major advantage of such a 
system is that any turbulence generated downstream of the throat of 
the sonic nozzle by vacuum pumps or other air moving equipment cannot 
be propagated upstream past the throat. Thus, the effects of the 
major source of turbulence, the vacuum pumps, is eliminated. However, 
the cost of the vacuum pumps and the large amount of power required to 
maintain sonic velocity at the nozzle throat made such a system un-
acceptable for the UMR tunnel. 
A system using constant speed, centrifugal fans has been designed, 
with the fans drawing a constant flm.;r rate from a valve box connected 
to the tunnel on one end and open to the room on the other. An arrange-
ment of plug nozzles in the valve box determines the percentage of the 
air flow drawn through the tunnel and thus the velocity in the tunnel. 
The remainder of the flow to the fans is drawn from the room. Having 
the fans draw a constant flow rate allows them to operate at a fixed 
efficiency. This reduced turbulence by eliminating the possibility of 
"starving" the fans at low flow rates. To further reduce turbulence 
a settling chamber was placed between the wind tunnel and the fans. 
It was found that this system provides an accurate, easily varied 
control of the air velocity in the test section. It was also found 
that turbulence intensity in the test section was acceptable in the 
desired velocity range. 
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II. DESCRIPTION OF PREVIOUS WORK 
A number of devices have been used to suspend water droplets in 
a vertical air stream. Blanchard (1) * in 1950 used an "L" shaped 
tunnel with an open test section above the exit at the top of the "L" 
and blowers in the lower portion of the "L". Cotton and Gokhale (2), 
Montgomery (3), and Koenig (4) used similar devices to study various 
aspects of drop breakup and interactions. These tunnels used networks 
of fine wires or screens in the air stream to shape the velocity pro-
files across the exit, resulting in a profile with a point or region 
of reduced velocity at the center. Pressure caps were placed above 
the test section to force a decreasing velocity with height relation-
ship. Drops were placed in the stream through the top of the pressure 
cap and allowed to fall to the level at which stream velocity equaled 
the terminal velocity of the drop. 
Telford, Thorndike, and Bowen (5) used a closed circuit tunnel 
operating on a suction technique to study coalescence between small 
water drops. The closed circuit approach was utilized to allow use of 
saturated air. Kinzer and Cobb (6) used a system with a closed test 
section and a combined blower-suction drive system to investigate the 
growth of droplets suspended in a "cloud" consisting of air and atomized 
water particles. 
Although the last two systems allowed the use of saturated air-
water mixtures, none of the systems had the means of precisely con-
trolling the physical conditions of the stream, particularly the 
*Numbers in parentheses refer to listings in the Bibliography. 
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temperature and humidity. Pruppacher and Nieberger (7) investigated 
the possibility of a vertical wind tunnel with this capability. The 
tunnel was designed to their specifications by Inca Engineering Company 
and has been in operation at UCLA since 1968. 
The UCLA "cloud tunnel" gives stable stream velocities from 
1 em/sec to 8 m/sec. Relative humidity may be varied from 1% to 100% 
and stream temperature from ambient to -40°C (8). 
Two additional tunnels, based on the UCLA design have been con-
structed by Inca. One was built for the Graduate Center for Cloud 
Physics Research at UMR and is described in detail in this thesis. 
The other was built for the National Center for Atmospheric Research 
at Boulder, Colorado. 
The major feature of the UCLA, NCAR, and UMR vertical wind tunnels, 
aside from the temperature and humidity control, is that they provide 
a constant velocity field throughout the test section. This gives a 
more realistic simulation of freely falling droplets than tunnels 
in which the velocity varies with height. 
These three wind tunnels should have numerous applications to 
research in the fields of droplet growth and breakup, collision 
phenomena, particle aerodynamics and many other areas. At present 
the UCLA tunnel is the only one operating at full capability. 
III. EQUIPMENT DESCRIPTION 
A. Vertical Atmospheric Wind Tunnel 
The vertical wind tunnel was designed and fabricated by Inca 
Engineering Company of San Gabriel, California. With the exception 
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of the test section, the equipment was made of fiberglass, approximately 
1/4 in. thick and formed on male molds to provide smooth inside sur-
faces. The test section was made of 1/2 in. thick plexiglass panels. 
Figure 1 is a drawing of the installed equipment and the sup-
port structure required to align the equipment and hold it in place. 
The following discussion refers to this figure. 
The plenum chamber serves two purposes; supporting the weight of 
the tunnel, and acting as an initial settling chamber. The inlet to 
the plenum is a rectangular hole located about four feet above the 
floor. This inlet is flanged to mate with the outlet of the air pre-
handling unit. 
The vertical riser extends through the top of the plenum down to 
within 12 in. of the floor of the chamber. This feature was included 
in the design for use with the air prehandling unit when it is generating 
cold air. The cold air settles to the bottom of the chamber and is then 
drawn through the tunnel riser. 
The flow straightener smooths the flow and reduces the turbulence 
of the air stream before it enters the test section. To accomplish 
this the cross sectional area is increased from a 12 in. diameter at 
the riser to a 20 in. square cross section in the flow straightener to 
reduce the stream velocity. The air stream then passes through a 
















(Transition from round 
to square) 
~------Vertical riser 
_ _..,~_..,....__~-Plenum chamber 
Figure 1. Vertical Atmospheric Wind Tunnel 
contraction section (area ratio of 11:1) which reduces the cross 
section to the 6 in. square of the test section. 
During assembly it was decided that the abrupt area change at 
the interface between the vertical riser and the flow straightener 
could introduce turbulence and the design would be improved by 
forming a smooth transition between these cross sections. The 
transition was made by placing molded foam plastic inserts inside 
the flow straightener. With these inserts in place the transition 
was made smoothly over a distance of two feet. The addition of 
these inserts was the only modification made to the Inca design. 
The test section is made of plates of 1/2 in. thick clear 
plexiglass and has a 6 in. square cross section throughout its 
4 ft. length. ~To of the plexiglass plates in each of the upper 
and lower portions of the test section may be removed and replaced 
with instrumented plates (see Figure 7) or with glass plates for 
photographic work. These removable plates are located on opposite 
sides of each portion of the test section, on the north and south 
sides of the low·er portion and the east and west sides of the upper 
portion. (Directions are approximate and for reference only. See 
Figure 9). 
The remaining portions of the wind tunnel consist of a diffuser 
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which changes the cross section back to a 12 in. diameter and a series 
of 90° elbmvs and straight return ducts which turn the air stream 
downward, passing through the floor and to the downstream settling 
chamber and the velocity control equipment located in the basement. 
A wooden overhead support structure is suspended from the ceiling 
of the first floor. The principal purpose of this structure is to 
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provide rigidity for the eight alignment screwjacks mounted on 
aluminum brackets on the baseplate of the structure. The screwjacks 
are butted against the transition section just above the test section. 
These screwjacks, in conjunction with eight similar screwjacks mounted 
on the floor, provide a means of aligning the tunnel to assure that the 
centerline of the test section is vertical. The floor alignment 
screwjacks are butted against the flow straightener just below the 
contraction section. During normal operation the only contact between 
the support structure and the tunnel is at the screwjacks. 
B. Velocity Control System 
1. Concept of Operation 
Two methods of controlling the tunnel velocity were considered--
variable speed fans and constant speed fans with a variable area nozzle 
to control the flow rate through the tunnel. It was decided to use 
the constant speed fans since these would be less susceptible to var-
iations in line voltage and problems of fan-speed control accuracy 
would be eliminated. 
However, constant speed fans will "surge" at low flow rates, 
creating turbulence. To eliminate this problem a system was designed 
which provided a constant flow rate to the fans, with part of the flow 
coming from the tunnel and the rest being drawn from the room. Operating 
at a constant flow rate the fan also operates at a constant efficiency, 
insuring smooth running and no surging, thus, reducing turbulence. 
The mechanism used to provide a constant flow rate to the fans is 
sholrn schematically in Figure 2. This consisted of a valve box with 
two circular inlets on the opposite ends and one outlet on the side 
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leading to the fans. A carriage, a pintle is mounted inside the valve 
box along the axis of the inlets. The parabolic ends, or tails, of 
the pintle protrude through the inlets and vary the area of each inlet 
as the pintle is moved along the axis. The pintle tails are designed 
and positioned so that the total area of the two inlets is a constant. 
In addition, the area of either inlet varies linearly with the position 
of the pintle. 
Setting the position of the pintle fixes the areas of each inlet. 
Since the total area of the two inlets is constant the total volume 
flow rate drawn through the valve box is approximately constant. The 
portion of this flmv rate dra'm through each inlet is determined by 
the areas of the inlets and hence, the pintle position. 
In the vertical wind tunnel one of the inlets is connected to the 
downstream chamber and draws air through the tunnel. The other inlet 
draws air from the room. 
2. Equipment 
The velocity control equipment consists of the valve box containing 
the pintle and pintle drive equipment, and the fan box. This equipment, 
along with the ducting that connects it to the wind tunnel is shown in 
Figures 3 and 4. 
The fully assembled valve box is shown in Figure 4. The dimensions 
of the box are 48 in. long x 18 in. wide x 12 in. high. The inlet 
ports are bored to 8.00 in. diameter, and the outlet is a 6 in. high x 
24 in. long rectangular cutout. 
The pintle and pintle drive equip.ment are mounted on a stand which 
is bolted to the floor of the valve box. Figures 5 and 6 show this 








A1 - Area at inlet open to room 
A2 - Area at inlet connected to tunnel 
Q1 - Flow rate of air drawn from room 
Q2 - Flow rate of air drawn through tunnel 





The tails of the pintle are the most critical pieces in the 
velocity control system. The two pintles are hollow aluminum shells 
shaped on a tracer lathe. The profile of the pintles were computed 
and plotted by an IBM 360 computer. The parabolic profile is described 
by the equation 
X 
h 
where r is the radius of the outside surface of the pintle tail 
r is the maximum radius 
0 
X is the coordinate along the axis of rotation 
h is the length of the pintle tail. 
The derivation of this equation and design data is given in Appendix A. 
For this project r 0 was 4.00 in. and h was 12.00 in. 
The tails of the pintle are supported by three struts, tw·o of 
which are ground steel rods and the third an aluminum bar. The ground 
rods pass through two sets of linear ball bushings, which minimize 
friction as the pintle is moved. The aluminum bar adds structural 
support and rigidity to the pintle. 
The pintle position is controlled by the electric drive motor noted 
in Figure 4. The motor shown is a reversible AC motor with a maximum 
speed of 23 RPM. This speed, even though it is geared to 46 RPH is too 
slow to control floating droplets. However, it is suitable for equip-
ment setup and calibration. The motor is controlled by a three position 
switch (forward-off-reverse) mounted on the control panel. Limit 
switches are mounted at the inlet ports of the valve box to prevent 
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The present motor, with gearing, is capable of driving the pintle 
from one end position to the other in approximately 160 seconds. It is 
felt that for adequate control of floating droplets this must be re-
duced to a maximum of 20 seconds. The motor mount is designed to 
allow replacement of the present motor with modifications to only the 
motor mounting plate and the motor adapter (noted in Figure 6). 
The motor adapter connects the motor to the high speed shaft of 
a 2:1 ratio right angle spiral bevel gear drive unit mounted on the 
stand base. One of the two low speed shafts drives the pintle with 
a 1/2 in. ball bearing drive screw. The nut of the screw is fixed 
inside one tail of the pintle. The screw has a lead of 0.2 in., thus 
requiring 60 turns of the screw (or 120 turns of the high speed shaft) 
to drive the pintle between the end positions. As with the linear ball 
bushings, the ball bearing drive screw was chosen to reduce friction. 
The other low speed shaft of the gear drive unit is connected, 
through a 1:4 gear reduction, to a 20 turn linear potentiometer which 
is used to indicate the position of the pintle. The potentiometer is 
connected to a voltmeter mounted on the control panel. The voltmeter 
was calibrated directly against the pintle position. The calibration 
curve is given in Appendix B. 
The valve box is bolted to the side of the 4 ft. x 4 ft. x 4 ft. 
wooden fan box. Five 1/4 horsepower, 3600 RPM, centrifugal fans are 
mounted on one wall of the box. The three phase power lines for each 
fan pass through the roof of the fan box and plug into a relay box. 
The relays are operated by switches on the control panel so that each 
fan can be controlled individually. Four of the fans have counter-
weighted fl~p gates over. the outlets to close those outlets, then the 
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fans are turned off. The ungated fan is the number one fan, which is 
always in use when the tunnel is operating. When closed, the gates 
are held against a rubber gasket by the counterweight and by lower 
air pressure inside the fan box. One of these gates and the fan relay 
box are noted in Figure 4. 
The wooden downstream settling chamber, heater unit and aluminum 
ducting connect the wind tunnel to the valve box. The downstream 
settling chamber serves the dual purpose of preventing turbulence 
produced by the fans from propagating to the test section and sup-
porting the weight of the return duct of the tunnel. This chamber 
serves to isolate the wind tunnel from the velocity control equipment. 
It is the most important piece of equipment from a turbulence reduction 
standpoint. The heater unit is bolted to the side of the settling 
chamber and is designed for use with the air prehandling unit but 
is installed in the present configuration to minimize system modifi-
cations when this unit is in operation. The purpose of the heater is 
to warm the cold air from the air prehandling unit to near room con-
ditions before the air enters the valve box. 
IV. INSTRUMENTATION 
The instrumentation for the test section of the vertical atmos-
pheric wind tunnel was installed and calibrated by Pepper (9). A 
brief description of his equipment is included here for reference. 
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The principle item of instrumentation used in conjunction with the 
wind tunnel is a DISA Model 55D01 Hot-Wire Anemometer. This system 
provides not only a direct measurement of the velocity at'a point in 
the test section but also gives a measurement of the turbulence 
intensity at the point. 
Two probes are used with the hot-wire anemometer--a miniature 
straight hot-wire probe and an X probe. The miniature probe provides 
measurements of the mean stream velocity and the turbulence in one 
direction. Its small size makes it suitable for measurements very 
close to objects in the tunnel or to the tunnel walls without dis-
turbing the flow characteristics around the objects. The X probe, a 
larger probe, provides the mean velocity and turbulence in two 
directions. 
In calibrating the hot-wire anemometer, a pitot static probe, 
with a calibrated differential pressure gauge was used as a standard. 
The gauge used was an MKS Baratron type 77 with a pressure sensing 
head having a range of + 1.0 mm of Mercury. The sensing head was 
calibrated by the manufacturer. 
The pitot static probe or hot-wire probes are held in position by 
a plexiglass instrument plate, which replaces one of the removable 
plexiglass sides of the test section. Figure 7 shows this instrument 
plate, holding the pitot static probe and a portion of the test section. 
20 
Figure 7. Instrument Plate 
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The instrument plate may be moved laterally so the probe can traverse 
the test section from side to side. The probe may also be moved toward 
or away from the instrument plate, providing a means of moving the 
probe in a transverse direction. 
The probes are held in a circular, bevel edged disk, set in the 
instrument plate. A number of these disks are available to hold the 
different probes. One of the disks, used in calibrating the hot-wire 
anemometry equipment, holds both the hot-wire probe and the pitot 
static probe. The probes are placed so that the velocity at a 
given point may be measured by one of the probes and, by rotating the 
disk 180° the other probe will be set at the same point to give a 
comparitive reading. 
V. TEST PROCEDURES AND RESULTS 
Preliminary testing of the atmospheric wind tunnel had three 
objectives: 
1. Examine the performance of the velocity control system, 
particularly the relationship between pintle position and 
test section velocity and the repeatability of these data. 
2. Determine horizontal velocity profiles at several positions 
along the length of the test section. 
3. Determine the level of turbulence intensity in the test 
section. 
The pitot-static probe was used to determine the velocity data 
for the first two objectives. The hot-wire anemometer was used to 
measure the turbulence intensity. 
A. Pintle Position--Centerline Velocity Relationship 
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The pitot static probe ~·ras placed in the lower portion of the test 
section, with its tip at the centerline and 14 11/16 in. above the lower 
edge of the removable plates. (This was a reference point used in all 
measurements along the length of the test section. See Figure 9). 
Data points were determined by two parameters, the pintle position 
and the number of fans operating. Ten equally spaced pintle positions 
were tested, representing 10%, 20%, 30%, etc., of the full travel of 
the pintle (the distance between the fully closed and fully open 
positions). Data points were reached by first setting a pintle position 
and changing the number of fans at the position. The position, number 
of fans and pitot static differential pressure were noted for each 
data point. 
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A data run consisted of fifty data points--five fan settings at 
each of ten pintle positions. To test the repeatability of the system 
five runs were made on three different days. The order in which the 
data points were taken was varied between the runs so each data point 
was reached by both increasing and decreasing the velocity from the 
previous point. 
For comparison, an alternate method of ordering the data points 
was checked at a number of points. This method was to hold the number 
of fans constant and vary the pintle position. The velocities obtained 
by this spot check duplicated the corresponding data points in the five 
runs taken. 
The results of the five data runs are plotted in Figure 8 and 
are tabulated in Appendix C. The five curves shown are for the 
varying number of fans, as noted on the figure. Repeatability of the 
results was excellent. The velocities from all five runs may be 
plotted within the symbol which represents the mean value of the 
velocity for each data point. Exceptions to this are noted by double 
symbols at the data point. These exceptions will be discussed below. 
It should be noted that this data was taken at one location in 
the test section. It was found that the velocity varies along the 
centerline--increasing with height as the boundary layer thickness 
increases. Thus, the data sho~vn in Figure 8 is valid only for the 
one location. A more complete calibration of the test section will 
require similar curves taken at a number of locations along the test 
section. The purpose of this test was to examine the pintle system, not 
to calibrate the tunnel. Thus, the one set of profiles given is sufficient. 
24 
11. 0- 1 fan 
o- 2 fans 
\1- 3 fans 
10. 
<>-4 fans 
9. t:J.- 5 fans 
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Figure 8. Centerline Velocity - Pintle Position Profiles 
25 
The results at several data points are t t• · h no repe 1t1ve; t at is, 
the velocities vary enough that they do not fall within a given range, 
represented by the symbols. These data points are noted by the use of 
double symbols. A logical explanation may be made for most of these 
discrepancies. 
One of the difficulties in taking the data was in reading the 
gauge of the MKS manometer in the low velocity (hence, low pressure 
differential) range. The smallest meter scale used in taking the data 
had a maximum value of 0.3mm of Mercury. Readings on this scale could 
be read with an accuracy of approximately +.0025 mm of Mercury. This 
error in reading the needle can be critical at low pressure differentials. 
For example, at 3 meters per second the pressure differential is approx-
imately 0.04 mm of Mercury for typical ambient conditions. A +.0025 
tolerance on this reading represents a 12% variation. Compounding the 
problem is the fact that the square root of the pressure differential 
is used. Thus, small discrepancies in pressure differential are mag-
nified when the velocities are calculated. 
It may be seen in Figure 8 that there are ten data points plotted 
below a velocity of 3.5 meters/sec. Results at seven of these ten are 
not repetitive. For the reasons cited above the accuracy of these 
velocities is doubtful. More accurate data in this region might be 
obtained with a digital voltmeter. The ~1KS unit has a DC output tap 
for this purpose. 
There are three nonrepetitive points at the 30% pintle position. 
At each of these points velocities from four of the runs fall within 
the upper symbol (which is plotted at the mean of those four velocities.) 
The nonrepetitive velocity in each case is noted by a tick mark on the 
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lower symbol. Examination of the data tabulated in Appendix c indicates 
that in each case the nonrepetitive velocity occurred during the same 
run. In addition, the velocity on that run for two fans was also 
somewhat less than on the other four runs, although it does fall 
within the symbol. This would indicate that on that particular run 
some error was made in taking the data for the 30% position. Most 
likely, the pintle position was actually lower than the 30% position. 
This would affect the results for the 3, 4, and 5 fan profiles more than 
for the 2 fan profile, since the slopes of the higher curves are 
greater. 
B. Velocity Profiles 
To aid in referencing the velocity profile data a cartesian 
coordinate system was set up for the test section. The Y-axis is 
the centerline of the test section. The origin is at the level of 
the lower edge of the removable plates in the lower test section, as 
noted earlier. The X-axis is perpendicular to the north and south 
sides of the test section. The Z-axis is perpendicular to the east 
and west sides. (This axis system is shown in Figure 9). 
The pitot static probe was traversed along the centerline by 
moving the instrument plate laterally. Thus, traverses in the Z 
direction were made in the lower portion of the test section and 
traverses in the X direction were made in the upper portion. In 
addition, at one station in the upper test section a traverse was 
made in the x direction by moving the probe toward the instrument 
plate. At one station in the lower section the probe was moved 1 1/2 
in. each side of the centerline in the X direction and traverses were 
made in the Z direction. 
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Velocity profiles were made at eight stations along the Y-axis, 
four in the lower portion of the test section and four in the upper 
portion. Each traverse consisted of 22 points equally spaced across 
the test section. Four velocity profiles were determined at each y 
station with velocities ranging from 5.95 to 11.50 m/sec. These were 
obtained with the pintle in the full open position and with 1, 2, 3 
and 5 fans. 
Complete results of these traverses may be found in the thesis by 
Pepper (9). Typical examples are shown in Figure 10. 
With the exception of points in the boundary layer the velocity 
profiles were fairly flat. For the low velocity (1 fan) settings there 
was approximately a 2 - 3% variation across the test section, outside 
the boundary layer. Variations for higher velocities were consistently 
less than 1%. 
The velocity indicated by the profiles increased slightly along 
the Y-axis, a result of the increasing boundary layer thickness. 
C. Turbulence Intensity 
Turbulence intensity is defined as the ratio of the fluctuating 
component of the stream velocity to the maximum value of the velocity. 
This quantity was measured with the hot-wire anemometer, using the 
miniature probe. Data were taken at approximately 160 locations 
throughout the test section, and at four velocities ranging from 5.95 to 
11.50 m/sec. for each location. 
In the range of velocities tested the turbulence intensity was 
found to be very low for locations outside the boundary layer, 
typically varying from .0035 to .0045. The intensity was essentially 
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constant velocity. The intensity decreased slightly with height in 
the test section--mainly a reflection of the increasing tunnel velocity. 
The turbulence intensity at a given location decreases somewhat as the 
velocity increases. Turbulence increased greatly at points inside 
the boundary layer. 
Complete results of the turbulence intensity testing may be 
found in the thesis by Pepper (9). 
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VI. FUTURE PLANS 
A number of modifications and additions are required to bring 
the vertical atmospheric wind tunnel to its full capability. Some of 
these are of immediate concern and are listed specifically in Section 
VII of this thesis. The addition of the air prehandling unit, described 
below, is necessary for controlled temperature and humidity work. 
Other changes or additions are in the concept stage and will also 
be discussed. 
The air prehandling unit was built by Inca Engineering and supplied 
with the wind tunnel. It was not connected because of the lack of an 
adequate cooling water supply for the refrigeration equipment of the 
unit. 
The air prehandling unit provides the means of drying, cooling, 
filtering and rehumidifying the air to be drawn through the tunnel. 
Cloud like conditions (temperature, humidity, etc.) can then be 
simulated in the test section. The unit consists of a precooler, a 
drying section filled with 400 pounds of silica gel, an absolute 
filter, a main cooling unit, and a boiler-rehumidifier unit. This 
equipment is shown schematically in Figure 11. The two cooling 
units can reduce the air stream temperature to -40°C. The absolute 
filter will remove all but submicroscopic particles from the stream 
and the boiler-rehumidifier unit can vary the humidity from nearly zero 
to supersaturation. 
The limiting factor in running the tunnel with the air prehandling 
unit is the amount of air the silica gel can dry before it becomes 
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with the 400 pounds of silica gel. An additional 100 to 200 pounds of 
silica gel may be added, increasing the run time accordingly. Heating 
coils and blowers are included in the unit to regenerate (dry) the 
silica gel after each run. Full regeneration may require up to 8 hours. 
The heater unit noted in Figure 3, between the downstream settling 
chamber and the ducting leading to the valve box, is required only when 
the air prehandling unit is in operation. The heater unit contains 
three heater coils to reheat the cold air drawn through the tunnel 
to near room temperature. These coils are not connected now and 
must be before the air prehandling unit is used. 
The design of the heater unit leaves something to be desired. 
The three heating coils are set perpendicular to the air stream. 
A thin aluminum disk is set around one of the heaters to act as a 
baffle, insuring that all the air stream passes through at least the 
one heater. At high tunnel velocities this baffle vibrates noticably 
(the vibrations can be heard near the heater unit).. A heater unit 
with radial heating vanes or one with a set of concentric cylindrical 
heating units might reduce turbulence and at the same time do a more 
efficient job of heating the air stream. 
The use of an electronic control mechanism in conjunction with the 
pintle drive system could be investigated. Such a system will require 
some type of optical scanner to locate a droplet and a feedback 
network controlling the tunnel velocity to provide vertical stability 
of the droplet. 
Turbulence in the test section may be improved by replacing the 
overhead return duct with a settling chamber suspended from the 
ceiling. 
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A means of photographing droplet interactions in the test section 
may be provided. Montgomery (3) describes two techniques which might 
be suitable; bright-field illumination and dark-field illumination. 
In the bright-field illumination technique the light source, a dif-
fusing screen, the object and the camera are located in a straight 
line. Photographs obtained with this method show a dark object on a 
bright background. In the dark-field method the light source is offset 
from the field of view of the camera. This technique yields photographs 
with a light object on a dark background. Both systems require framing 
cameras with relatively high film transport speeds and a strobe light 
for the light source. Montgomery obtained good photographic results 
using dark-field illumination with a 35 mm framing camera, a 200 in./ 
minute film transport speed and a strobe operated at 60 flashes/second. 
A problem in controlling the humidity of the air in the tunnel 
may be anticipated. The boiler-rehumidifier unit supplies a controlled 
mass flow rate of dry steam to the air before it enters the plenum. 
With a constant test section velocity a constant humidity is provided. 
However, the test section velocity must be varied often to control a 
droplet. These velocity changes will cause a variation in the test 
section humidity. 
Two solutions to this problem are apparent. The first solution 
would require a control device on the boiler-rehumidifier unit, linked 
to the pintle system to change the steam flow rate to maintain the 
required humidity. The second solution is to have a constant air flow 
rate at the rehumidifier and arrange some type of dumping system linked 
to the pintle system to remove the excess air. 
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The second approach seems superior for the twin tail pintle system 
used with this tunnel. A means of controlling the dumping of the excess 
air is already available with the inlet port which now draws air from 
the room. If this inlet were connected to the air prehandling unit 
between the rehumidifier and the plenum, the constant flow rate drawn 
through the fans will also be drawn through the air prehandling unit 
and past the rehumidifier. The pintle system would split the flow 
to the test section and to the dump as it now splits the air drawn 
from the room and through the tunnel. 
One obvious disadvantage of this approach is that the air 
prehandling unit would always handle the maximum flow rate, thus 
cutting run time significantly. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 
The data obtained in preliminary tests of the vertical atmospheric 
wind tunnel equipment indicate that the tunnel now meets the three 
basic criteria required to float droplets stably: 
1. The velocity control system provides an accurate means of 
setting tunnel velocities greater than 3.5 meters/sec. In 
addition, the equipment may be easily modified to improve 
the response time (the time required to change velocity to 
maintain droplet stability). 
2. The velocity profiles throughout the test section are flat 
outside the boundary layer for the velocities between 5.95 
and 11.50 meters/sec. Variation of the velocities is within 
1% in the higher range and within 3% for the lower velocities 
tested. Profiles should be determined at lower velocities, 
down to 3.5 meters/sec. to fully determine the range of tunnel 
velocities which may be used. 
3. Turbulence intensity outside the boundary layer in the 
velocity range tested (5.95 to 11.50 meters/sec.) is less than 
0.5%. Since the turbulence intensity level increases at loHer 
velocities, more data should be taken in the velocity region 
from 3.5 to 6.00 meters/sec. 
Although attempts to float droplets were not successful the fault 
lay predominantly with the slow response time of the present pintle 
drive motor. With a quicker response the droplets should be easily 
controlled. The UCLA tunnel has shown that a full traverse time (fully 
open to fully closed or vice versa) of 20 seconds is adequate to 
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control suspended droplets (10). The present motor provides a full 
traverse time of 160 seconds. The valve box and pintle drive equipment 
are designed to allow replacement of the drive motor with modifications 
to~ or replacement of~ only two parts--the motor mount plate and the 
motor adaptor. 
A number of suggestions have been made to improve the tunnel 
configuration. Two of these have great merit and should be implemented 
as soon as possible. 
1. A piece of 8 in. diameter ducting about 2 or 3 ft. long should 
be added to the valve box inlet which draws air from the room. 
With this duct in place air will approach both inlets in the 
same manner. 
2. A baffle should be placed in the plenum between the inlet 
and the bottom of the vertical riser. At present the air 
entering the inlet seems to be "tunneling" directly to the 
riser, defeating the purpose of the plenum chamber. A baffle 
between these points would break up the tunneling effect, 
making the plenum act as a large settling chamber. This 
should further reduce turbulence in the test section. 
With the above modifications the Vertical Atmospheric Wind Tunnel 
should be a valuable addition to the research capability of the Graduate 
Center for Cloud Physics Research and the University of Missouri - Rolla. 
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APPENDIX A. DESIGN DATA FOR PINTLE TAILS 
The tails of the pintle are designed to meet two criteria; the 
total area of the two inlets is to be a constant and the area of 
either inlet is to vary directly with the pintle position. The 
word "area" refers to the circular annulus between the body of the 
pintle tail and the edge of the inlet. 
The area of a circular annulus is given by 
where r represents the radius of the pintle tail at a given cross 
section, and r is the radius of the inlet. r is to be written as a 
0 
function of the position, x. 
The area varies directly with the position, or A 
is a constant. Thus 
Setting the axis of revolution so that at x = 0, r 












and solving for r 
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It may be shown that for the case of a linear area-position 
relationship, two identical paraboloids, whose profiles are given by 
this equation will satisfy the constant total area requirement, if 
they are positioned so that when one is set at a position (x) with 
respect to its inlet~ the other is at the position (h-x). 
Total area = A(x) + A(h-x) 
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Pintle Tail Profile Data 
x/h r/r x/h r/r 0 0 
0. 1.000 .so . 707 
.02 .989 .52 .692 
.04 .979 • 54 .678 
.06 .969 .56 .663 
.08 .959 .58 .648 
.10 .948 .60 .632 
.12 .938 .62 .616 
.14 .927 .64 .600 
.16 .916 .66 .583 
.18 .906 .68 .566 
.20 .894 .70 .545 
.22 .883 .72 .529 
.24 .871 .74 .510 
.26 .860 .76 . 489 
.28 .848 .78 .469 
.30 .837 .80 .447 
.32 .825 .82 .424 
.34 .812 .84 .400 
.36 .800 .86 .374 
.38 .787 .88 .346 
.40 .774 .90 .316 
.42 .761 .92 .283 
.44 • 748 .94 .245 
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.46 • 735 .96 .020 
.48 .721 .98 .014 
1.00 0.00 
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APPENDIX B. CALIBRATION OF PINTLE POSITION INDICATOR 











s.oo 1. 28 
5.50 1. 36 
6.00 1. 45 
6.50 1.54 
7.00 1. 63 
7.50 1.72 
8.00 1. 82 
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Figure 12. Calibration of the Pintle Position Indicator 
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APPENDIX C. TABULATION OF VELOCITY-PINTLE POSITION DATA 
Pintle Position Fans Run 1 Run 2 Run 3 Run 4 Run 5 
10% 1 1.09 . 84 1.08 • 97 .69 (rn/<:;ec) 
2 1.81 1.68 1. 74 1.68 1.46 
3 2.27 2.22 2.37 2.27 2.12 
4 2.61 2.65 2.74 2.74 2.48 
5 2.74 2.87 2.95 2.95 2.92 
20% 1 1.53 2.00 1.88 1. 74 1.54 
2 3.07 3.32 3.39 3.10 3.04 
3 4.06 4.25 4.21 4.17 4.11 
4 4.73 4.94 4.92 4.85 4.73 
_, 5.14 5.27 5.31 5.18 5.11 
30% 1 2.22 2.27 2.37 2.27 2.28 
2 4.20 4.28 4.26 4.14 4.25 
3 5.66 5.74 5.64 5.44 5.56 
4 6.51 6.60 6.45 6.29 6.45 
5 7.03 7.03 6.93 6.78 6.90 
40% 1 2.78 2.70 2.70 2~82 2.76 
2 5.08 4.97 5.08 5.06 5.11 
3 6.77 6.69 6.68 6.60 6.76 
4 7.51 7.59 7.58 7.50 7.76 
5 8.04 8.04 8.04 8.01 8.16 
SO% 1 3.21 3.25 3.46 3.25 3.23 
2 5.94 5.94 5.92 5.84 5.87 
3 7.67 7.78 7.62 7.67 7.64 
4 8.68 8.68 8.68 8.68 8.73 
5 9.07 9.07 9.07 9.39 9.19 
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APPENDIX C. TABULATION OF VELOCITY-PINTLE POSITION DATA (Cont'd.) 
Pintle Position Fans Run 1 Run 2 Run 3 Run 4 Run 5 
60% 1 3.66 3. 72 3.75 3. 72 3.81 
2 6.51 6.54 6.60 6.51 6.54 
3 8.40 8.40 8.47 8.33 8.45 
4 9.46 9.46 9.46 9.39 9.38 
5 9.95 9.94 9.82 9.82 9.88 
70% 1 4.20 4.20 4.06 4.06 4.19 
2 7.27 7.19 7.09 7.18 7.22 
3 9.08 9.20 9.07 9.08 8.65 
4 10.06 10.06 10.06 10.00 10.06 
5 10.41 10.41 10.41 10.40 10.46 
80% 1 4.60 4.75 4.73 4.68 4.68 
2 7.82 7.90 7.87 7.82 7.87 
3 9.70 9.70 9.70 9.70 9.76 
4 10.52 10.52 10.52 10.46 10.46 
5 10.85 10.85 10.85 10.74 10.80 
90% 1 5.20 5.20 5.08 5.20 5.23 
2 8.40 8.54 8.33 8.40 8.45 
3 10.06 10.17 10.06 10.12 10.12 
4 10.85 10.80 10.74 10.79 10.80 
5 11.06 11.06 10.96 11.06 11.07 
100% 1 5.94 5.88 5.94 
5.90 5.93 
2 9.46 9.33 9.46 9.39 
9.45 
3 10.74 10.63 10.74 10.63 
10.69 
4 11.17 11.06 11.12 11.06 
11.13 
5 11.38 11.38 11.38 11.38 
11.39 
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Note: ambient conditions during the runs were as follows: 
Barometric 
Temperature Pressure 
(oF) (in. of Hg) 
1 75° 30.05 
2 75° 30.05 
3 73° 30.00 
4 73° 30.00 
5 75° 29.70 
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